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Pretransplantation assessment of renal viability with NADH potential transplant kidneys, namely those from so-called
fluorimetry. non–heart-beating donors (NHBD), could be safely em-
Background. A pathophysiologic feature possibly involved ployed [1, 2]. Organs procured from NHBD have experi-in ischemic injury in transplant kidneys is mitochondrial dys-
enced warm ischemia in the donor prior to nephrectomy.function caused by disintegration of oxidative metabolic path-
Because warm ischemic damage is an important causeways. Because the ability to synthesize ATP by respiratory
activity determines the organ’s capacity to recover from ische- of dysfunction in transplanted kidneys, the probability
mic injury, an assessment of respiratory activity may provide of a successful transplant outcome decreases [3]. For
information related to graft viability.
this reason, NHBD kidneys are employed in only a fewMethods. NADH fluorimetry can be used to monitor kid-
specialized transplantation centers. However, the selec-ney cortex metabolism noninvasively. During perfusion with
(an)-aerobic perfusate, NADH fluorescence images were re- tion of donor kidneys for transplantation on statistical
corded. We evaluated the NADH oxidation kinetics of 20 rat grounds discards a group of grafts that, in spite of a
kidneys, which were divided over four experimental groups.
compromising history, may not have suffered irreversibleFor six minimally damaged kidneys and six kidneys that had
damage. Therefore, an objective test that enables a dis-been stored for one hour at 378C, perfusion was followed by
transplantation. We related the kinetic parameters of these tinction between viable preserved donor kidneys and
kidneys with their post-transplantation function and histology. permanent nonfunctioning kidneys prior to transplanta-
The transplant function was monitored by serum creatinine tion could lead to a more widespread implementationand urea levels.
of NHBD programs.Results. Storage of transplant kidneys for one hour at 378C
Originally, cellular energy charge and phosphorylationsignificantly reduced the post-transplantation function. Iso-
lated perfusion of grafts, however, was not detrimental for potential were considered to provide a clear indication
renal function. The rate of NADH oxidation decreased with of post-transplantation function [4–7]. However, during
decreasing graft quality, and a good correlation between
the past decade, it has been shown that the ability toNADH oxidation kinetics and post-transplantation function
resynthesize adenosine 59-triphosphate (ATP) by mito-was found.
Conclusions. A reduction of NADH oxidation rates as a chondrial phosphorylative activity rather than postische-
consequence of warm ischemia supports the view that mito- mic ATP levels determines the organ’s capacity to re-
chondrial respiratory activity is impaired by ischemic injury. cover from ischemic injury [8–10]. Respiratory defectsThe correlation between NADH oxidation kinetics in perfused
have been identified as early events in models for preser-grafts and their post-transplantation function indicates that
NADH fluorimetry may be useful in predicting the viability vation-reoxygenation injury [11–13] and ischemia-reper-
of preserved grafts prior to transplantation. fusion injury [14, 15]. Therefore, an assessment of mito-
chondrial respiratory activity may provide information
directly related to graft viability.
The growing shortage of donor kidneys can be signifi- The initial step of the mitochondrial respiratory chain
cantly alleviated if a nowadays largely unused source of involves the oxidation of nicotinamide adenine dinucleo-
tide (NADH) by complex I. Because the mitochondrial
NADH/NAD1 ratio is determined by the relative ratesKey words: renal graft, oxidation kinetics, mitochondrial respiratory
activity, ischemic injury, transplant kidneys. of NADH oxidation through oxidative phosphorylative
activity and NAD1 reduction through intermediary me-
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permit the measurement of the NADH redox state bosis or fibrin deposition in the donor kidney and to
achieve good rinsing of blood, donor animals were pre-changes. NADH fluoresces with a broad emission band
(centered at 6 470 nm) when excited with ultraviolet light, treated with heparin (15 IU/kg body wt; Leo Pharmaceu-
tical Products BV, Weesp, The Netherlands). The donorwhereas NAD1 does not fluoresce. Because the ultra-
violet light-induced blue fluorescence from intracellular kidney was flushed in situ by high-amplitude pulsatile per-
fusion with an air-equilibrated isotonic citrate solutionpyridine nucleotides in kidney is predominantly of mito-
chondrial origin, NADH fluorimetry can be used to mon- (Na3·citrate 78 mmol/L, K3·citrate 84 mmol/L, MgSO4 40
mmol/L, mannitol 100 mmol/L, and chloride, pH 7.05,itor kidney cortex metabolism noninvasively [16–19].
Changes in steady-state levels of NADH fluorescence at room temperature). This citrate solution was shown to
preserve renal function effectively in a transplant modelhave been associated with kidney and liver graft viability
after hypothermic storage and transplantation [20, 21]. for rat kidney [26]. After flushing for 10 minutes, using
a maximum of 10 mL citrate solution, or achieving com-Slower rates of postischemic NADH fluorescence de-
crease have been observed during cardiac allograft rejec- plete pallor, the kidney was excised and transferred to
a temperature-controlled container with air-equilibratedtion and after ischemia/reperfusion damage in trans-
planted kidneys [20, 22]. These observations are consistent citrate solution. The total time for kidney retrieval was
approximately 25 minutes. After incubation and or per-with impaired mitochondrial respiratory activity of the
grafts. In isolated perfused rat livers, hepatic energy fusion, the graft was stored at 08C until transplantation.
Transplantation. A technique of orthotopic kidneycharge and decelerated NADH fluorescence kinetics cor-
related closely with survival rates after transplantation transplantation with nonsplinted end-to-end anastomo-
ses was used, essentially as described by Oesterwitz and[9]. Therefore, NADH fluorimetry may be useful to eval-
uate the viability of preserved grafts prior to transplanta- Althaus [27]. Three weeks after transplantation, the graft
was evaluated, and the contralateral right kidney wastion. Because kidneys can be preserved satisfactorily by
removed. Contralateral kidneys were weighed to assessmachine perfusion [23, 24], mitochondrial respiratory
compensatory growth. The recipients were weighed, andactivity monitored by NADH fluorimetry would require
orbital blood samples were taken three, six, and nineminimal intervention of the preservation protocol.
weeks after transplantation. Serum creatinine and ureaThe aim of this exploratory study was twofold: (a)
concentrations were determined photometrically (ELANto evaluate NADH oxidation kinetics in fluorescence
Analyzert; E. Merck, The Netherlands, Amsterdam).images of preserved rat kidneys in relationship to the
Animals were sacrificed nine weeks after the transplanta-extent of ischemia during organ procurement, and (b)
tion. At that time, the graft and anastomoses were againto test whether NADH oxidation parameters of the per-
evaluated. The kidney was excised, weighed, and im-fused preserved graft provide information directly re-
mersed in a buffered 3.6% formaldehyde solution forlated to the post-transplantation function. In order to
histologic studies.achieve these objectives, we describe an experimental
Histologic examination. Kidneys were embedded inmodel that incorporates an NADH fluorescence test into
paraffin and processed in the usual way. Longitudinala preservation/transplantation protocol without adverse
slides were stained with hematoxylin and eosin (HE),effects on transplantation outcome.
periodic acid-Schiff (PAS), and Fe PERLS using stan-
dard methods. Tubuli, interstitium, glomeruli, and arter-
METHODS ies were examined. Grading of acute and chronic changes
The experiments described in this article were per- was accomplished as described by Jablonski et al [28].
formed according to experimental protocols, which were Chronic lesions were graded according to the amount of
approved by the Internal Animal Care and Use Commit- cortical change in a single longitudinal section: minimal
tee of the Erasmus University Rotterdam (Rotterdam, 0 to 10%, mild 10 to 20%, moderate 20 to 30%, and
The Netherlands). severe .30%. Iron deposits were assessed semiquantita-
tively using the grading of Deugnier et al, which was
Surgical procedures modified for renal tissue [29]. The extent and distribution
Male inbred WagRij rats weighing 250 to 275 g were of iron deposits were scored in glomeruli, tubuli, capillar-
used throughout. They were allowed free access to regu- ies, and connective tissue. The sum of these scores de-
lar Hope Farms rat chow and acidified tap water. The fined the total iron score (TIS; range 0 to 44).
animals were anesthetized by ether inhalation. A Zeiss Morphological and functional data were assessed inde-
OPMI-6 operating microscope was used for all microsur- pendently.
gical procedures.
NADH-fluorimetry of perfused kidneysDonor kidney. Kidneys were harvested according to
a procedure for controlled renal preservation, essentially Perfusion. Perfusion was performed according to Lang-
endorff at constant pressure (60 mm Hg) and room tem-as described by Harvig and Norle´n [25]. To avoid throm-
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perature. The perfusate was a modification of the perfu- time interval starting approximately 30 seconds before
the switch to O2-saturated perfusate and ending aftersate used in Cox et al [30]. It consisted of the earlier men-
tioned preserving citrate solution, supplemented with urea two minutes of perfusion with O2-saturated perfusate.
To check whether a truly oxidized NADH/NAD1 redox4.0 mmol/L, glucose 5.0 mmol/L, CaCl2 2.0 mmol/L, cys-
teine 0.5 mmol/L, glycine 2.3 mmol/L, Na·pyruvate equilibrium was obtained at the end of the continuous
NADH fluorescence measurements, perfusion with O2-2.0 mmol/L, Na·acetate 1.22 mmol/L, Na·glutaminate
2.106 mmol/L, Na·proprionate 0.208 mmol/L, inosine saturated perfusate was continued for another minute,
during which fluorescence measurements were again re-1.0 mmol/L, alanine 5.0 mmol/L, a-ketaglutaric acid
1.15 mmol/L, ascorbate 2 mg/L, Na·lactate 0.32 mL/L, corded intermittently.
NADH fluorescence images were computer analyzedand cholinecloride 1.0 g/L, pH 7.05. The medium was
passed through a 1.2 mm filter (Schleicher and Schuell, off-line. To obtain an impression of possible gross heter-
ogeneity in kidney cortex metabolism, the surface wasDassel, Germany) shortly before perfusion. Perfusion
flow was monitored just before the arterial cannula with divided in five rectangular areas alternating along an
imaginary line, connecting the poles of the kidney (Fig.an in-line flow probe (T106; Transonic Systems, Ithaca,
New York, USA). The perfusion pressure was measured 1B). The average NADH fluorescence intensity of each
surface area is related to the fluorescence intensity of aby a pressure transducer (Hewlett-Packard 8805B corner
amplifier) and was adjusted by the pressure of the equili- fluorescence calibration glass (uranyl) [35] and is ex-
pressed in arbitrary units.brating gas.
After adaptation to perfusion with N2-saturated perfu- NADH oxidation parameters. In isolated kidneys per-
fused with deoxygenated perfusate, the mitochondrialsate, kidneys were perfused with O2-saturated perfusate
for three minutes. Finally, preservation conditions were NADH pool was reduced, and a relatively high NADH
fluorescence intensity was observed. Upon reoxygena-restored by perfusion with aerated citrate solution for
two minutes and subsequent cooling of the graft to 08C. tion with O2-saturated perfusate, oxidative phosphoryla-
tive activity resulted in NADH oxidation. This was re-At 60 mm Hg perfusion pressure, the time required to
flected by a decreasing NADH fluorescence intensity.stabilize flow through the kidney varied from 6 to 25
After an initial rapid decline in fluorescence intensity, aminutes. The perfusion time, however, had no effect on
relatively steady state was reached after 1.75 minutesNADH-oxidation kinetics or transplantation results.
for all experimental groups. From that point on, theAlanine, ascorbate, cholinecloride, cysteine, glucose,
observed small decrease in NADH fluorescence intensityinosine, a-ketaglutaric acid, mannitol, Na·glutaminate,
under continuous illumination approached the rate ofNa·proprionate, urea were obtained from Sigma Chemi-
photobleaching observed during continuous illuminationcal Company (St. Louis, MO, USA). CaCl2, glycine,
before perfusion with O2-saturated perfusate.Na·acetate, Na3·citrate, K3·citrate, Na·lactate, Na·pyru-
NADH oxidation kinetics were evaluated by two pa-vate, and MgSO4 were obtained from Merck (Darmstadt,
rameters (Fig. 2).Germany).
NADH videofluorimeter. During the perfusion, surface
(a) DFNADH/NAD1. This is the difference in steady stateNADH fluorescence images of kidneys were recorded
NADH fluorescence intensities of reduced kidney dur-with an NADH videofluorimeter (Fig. 1A), which has
ing perfusion with N2-saturated perfusate, and afterbeen described in detail elsewhere [31, 32]. Analysis of
1.75 minutes of reoxygenation with O2-saturated per-the metabolic state of tissue by means of NADH fluo-
fusate. DFNADH/NAD1 was expressed in terms of the per-rimetry may be disturbed by tissue movements and by
centage of the fluorescence intensity just before reoxy-hemodynamic and oximetric effects caused by changes
genation. The steady-state NADH fluorescencein the absorption of the ultraviolet excitation light [33].
intensity observed at the end of the oxygenation phaseIn the isolated perfused kidney, metabolism-dependent
(that is, after 3 min of perfusion with O2-saturatedchanges in absorption of ultraviolet excitation light are
perfusate and measured with intermittent illuminationsmall so that uncorrected NADH fluorescence measure-
during the last minute of the oxygenation phase) didments are sufficient for these experiments [34].
not differ significantly from the NADH fluorescenceTo prevent photobleaching of NADH, fluorescence
intensity after 1.75 minutes of reoxygenation.images were recorded intermittently during most of the
perfusion protocol. No significant photobleaching was (b) aNADH/NAD1. This is the slope of the tangent to the
observed when the kidney cortex was exposed to 365 normalized NADH fluorescence curve. In order to
nm excitation (617 mW/cm2) light for 5 seconds every evaluate the maximal rate of oxidation from NADH to
30 seconds. The sample frequency of this illumination NAD1, independent of the final steady-state NADH/
protocol, however, was too low to enable accurate mea- NAD1 redox equilibrium in the oxidized kidney, a
surement of NADH oxidation kinetics in this experimen- normalized NADH fluorescence curve was used in this
analysis.tal system. Therefore, illumination was continuous in a
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Fig. 1. (A) Schematic view of the nicotin-
amide adenine dinucleotide (NADH) video-
fluorimeter. (B) NADH fluorescence image
of a perfused normoxic kidney showing five
surface areas selected for fluorescence inten-
sity analysis. The gray circle near the hilus of
the kidney is a piece of fluorescence calibra-
tion glass.
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Table 1. Outline of experimental series with classification code
Additional Interventions
Group Code N damage Perfusion transplantation Sham
1 P 4 X
2 378C P 4 1 h 378C X
3 PTx 6 X X
4 378C PTx 6 1 h 378C X X
5 Tx 6 X
6 378C Tx 6 1 h 378C X
7 Sh 10 X
In the classification code P refers to perfusion, Tx to transplantation, Sh to
Sham, and 378C to the one-hour incubation of the graft at 378C before perfusion.
N is the number of evaluated kidneys.
tion. To characterize renal function and compensatory
kidney growth in the uninephrectomized rat, another
group of control animals (group 7) was subjected to a
sham operation and, three weeks later, to a unilateral
nephrectomy. The weight of donors and recipients in
each group was similar (265 6 10 g).
Donor kidneys were divided into two categories: mini-
mally damaged or severe ischemic injury. After harvest-
ing and preservation in situ, minimally damaged donor
kidneys were immediately transferred to a perfusion
setup while maintaining pulsatile perfusion with preser-
vative (groups 1 and 3). To induce ischemic injury toFig. 2. NADH oxidation kinetics in perfused rat kidney indicating (A)
grafts additional to damage from harvesting and preser-DFNADH/NAD1, the relative difference in NADH fluorescence intensity
levels of the reduced and oxidized steady states, and (B) aNADH/NAD1, vation procedures, flushed kidneys were stored in air-
the slope of the tangent to the initial rapid NADH fluorescence intensity equilibrated citrate solution for one hour at 378C beforedecrease.
perfusion (groups 2 and 4). Although renal function is
partially protected against ischemic damage in a blood-
less kidney [36], warm ischemia of 60 minutes is expected
The mathematical description of the tangent in a plot to produce severe renal damage [28].
of (DFNADH/NAD1)norm versus time (t) is: (DFNADH/NAD1)norm 5 In the nonperfused control groups, minimally dam-
aNADH/NAD1 · t 1 b, where (DFNADH/NAD1)norm is the normal- aged kidneys were kept under preservation conditions
ized difference in NADH fluorescence intensities of re- (flushed with Citr-A, 0 to 48C) for the duration of a per-
duced and oxidized kidneys. The difference in “steady- fusion experiment (group 5). Storage for one hour at 378C
state” NADH fluorescence intensities of reduced and was likewise used to reduce graft viability (group 6).
oxidized kidneys is defined as 100%. “b” is the intercept
Statisticsof the tangent with the y axis. Hence, aNADH/NAD1 is given
in (% · min21). An analysis of aNADH/NAD1 is not influenced The values presented in the tables are means 6 SD.
by photobleaching because of the large difference in the For statistical analysis, the nonparametric Mann-Whit-
NADH oxidation rate (between 127 and 545% · min21; ney U–Wilcoxon rank sum W-test was used. The ac-
discussed in the Results section) and the NADH photo- cepted probability for a significant difference between
bleaching rate (,6% · min21). means was P , 0.05.
Experimental groups
RESULTSTable 1 provides an outline of the experimental series
NADH oxidation kinetics measured fluorometricallywith their classification code. Seventy-four animals (in-
cluding donors and recipients) were divided into seven Figure 3 illustrates that changes in mitochondrial re-
groups. Four groups (1 to 4) were used for fluorometric spiratory activity in decapsulated kidney cortex can be
studies during the perfusion experiments. In two of these assessed by NADH fluorometry. The admittance of O2-
perfusion groups (groups 3 and 4), perfusion was followed saturated perfusate to anoxic kidneys abruptly decreased
by transplantation. Groups 5 and 6 served as controls the NADH-fluorescence intensity because NADH was
oxidized to NAD1 upon resumption of oxidative phos-for the development of renal function after transplanta-
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during the time interval in which NADH oxidation kinet-
ics were analyzed, there were no significant differences
in perfusion flow between minimally damaged kidneys
(groups 1 and 3) and kidneys that had been stored for
one hour at 378C (groups 2 and 4).
The relative difference in NADH fluorescence inten-
sity levels of the reduced and oxidized steady states
(DFNADH/NAD1) of the kidneys stored at 378C (groups 2 and
4) tended to be somewhat larger than that of minimally
damaged kidneys (groups 1 and 3; Tables 2 and 3). This
difference, however, was not statistically significant.
Although the absolute figures for aNADH/NAD1 and
DFNADH/NAD1 changed with perfusion pressure and with
the presence or absence of the kidney capsule, the differ-
ence in NADH oxidation kinetics of minimally damaged
and 378C stored kidneys was not influenced (data not
shown).
Post-transplantation function of rat kidney grafts after
ischemic injury
With the described orthotopic transplantation tech-
nique, 27 successful transplants were performed. There
were three technical failures. In this series, using compro-
mised grafts in groups 4 and 6, transplantation success
was judged on unimpeded perfusion of arterial venous
and ureteral anastomoses, as well as time spent in the
operation.
All group 3 and group 5 animals that received a mini-
mally damaged kidney in a successful transplantation
survived the procedure. In the groups that received a
kidney that had been stored at 378C, one animal (group
6) was killed immediately after transplantation becauseFig. 3. NADH oxidation kinetics in perfused rat kidneys with progres-
the transplant was too badly damaged, and two animalssive ischemic injury. (A) Minimally damaged, P, kidney (group 1).
(B) Compromised, 378C P, kidney (group 2). The different symbols (group 4) were killed within a week after contralateral
correspond to the average NADH fluorescence intensities of five surface nephrectomy because of uremia. In these animals, adhe-areas of a single kidney.
sions prohibited visual inspection of the transplant at
the moment of contralateral nephrectomy.
The serum creatinine and urea concentrations of
phorylative activity. Minimally damaged kidneys (P, group 3 and group 5 animals (PTx, Tx) at three, six, and
group 1; Fig. 3A) displayed faster NADH oxidation ki- nine weeks after transplantation did not differ signifi-
netics than compromised kidneys (378C P, group 2; Fig. cantly from the concentrations in the sham-operated
3B). The slope, aNADH/NAD1, of the tangent to the initial group 7, with one exception (Fig. 4). At three weeks
rapid NADH fluorescence intensity decrease was steeper after contralateral nephrectomy, serum creatinine con-
for minimally damaged kidneys than for kidneys stored centrations of group 3 animals temporarily dropped be-
for one hour at 378C (Table 2). Frequently, intensity dif- low the serum concentrations of the sham group (P ,
ferences were observed in surface NADH fluorescence 0.05). Compensatory kidney growth as well as gain in
images. Apart from heterogeneity in NADH fluores- body weight were similar for group 3 (PTx) and group
cence intensity, regional differences in NADH oxidation 7 animals (Sh). In group 5 animals (Tx), kidney growth
kinetics were observed. To some extent, this heterogene- was more pronounced than in the sham group 7 (P ,
ity in kidney cortex metabolism was reflected in the stan- 0.01). Accordingly, nine weeks after transplantation,
dard deviation of the kinetic parameters aNADH/NAD1 and group 5 animals were also heavier than the control ani-
DFNADH/NAD1. mals (Group 7, Sh, P , 0.05).
The initial rate of NADH oxidation did not correlate Storage of a transplant kidney for one hour at 378C
with the rate of O2 delivery to the perfused kidney (Ta- significantly reduced the post-transplantation function.
In group 4 (378C PTx) and in group 6 (378C Tx) animals,bles 2 and 3). At the moment of the O2 challenge and
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Table 2. Effect of progressive ischemic injury on NADH oxidation kinetics of perfused rat kidneysa
aNADH/NAD1 %·min21 DFNADH/NAD1 % Flow mL·min21
Individual Group Individual Group Individual Group
Group Code kidney average kidney average kidney average
1 P 23976116 22262 5.90
N 5 4 24066123 22262 8.66
24386127 21862 4.39
2512653 2438645 22562 22263 7.32 6.5761.59
2 378C P 2127637 23762 3.23
N 5 4 2135627 21963 5.20
2218672 23867 4.57
2257682 2185655b 22765 23068 3.52 4.1360.79
All data are means 6 SD. NADH oxidation parameters of individual kidneys are derived from 5 surface areas of a single kidney as described in the Methods
section. The group averages are calculated from the average NADH oxidation parameters of the individual kidneys (N 5 4).
a For explanation of group codes see Table 1
b P , 0.05; Mann-Whitney U–Wilcoxon rank sum test relative to group 1
Table 3. Effect of ischemic injury on NADH oxidation kinetics of perfused rat kidney grafts and their post-transplantation function.a
aNADH/NAD1 %·min21 DFNADH/NAD1 % Flow mL·min21 Urea Creatinine
Individual Group Individual Group Individual Group Nx142d Nx 1 42d
Group Code Label kidney average kidney average kidney average mmol mmol
3 PTx 1 25456167 22561 5.38 10.2 55
2 25376263 22065 6.43 10.8 60
3 25266356 22065 5.87 10.2 61
4 2463666 22861 5.55 7.7 54
5 2411668 22462 6.04 8.4 48
6 2355688 2473671 22462 22463 6.89 6.0360.51 9.2 58
4 378C PTx 7 2287690 22763 5.99 25.7 149
8 2262615 23567 4.33 145.8c 803c
9 2258689 22462 6.30 12.0 64
10 2170621 23765 6.23 170.4c 1007c
11 2164648 21968 5.33 14.2 63
12 2163652 2217652b 23063 22966 3.62 5.3061.01 17.4 82
All data are means 6 SD. NADH oxidation parameters of individual kidneys are derived from 5 surface areas of a single kidney as described in the Methods
section. The group averages are calculated from the average NADH oxidation parameters of the individual kidneys (N 5 6). Labels are ranked in order of decreasing
NADH oxidation rate.
a For explanation of group codes see Table 1
b P , 0.05; Mann-Whitney U–Wilcoxon rank sum test relative to group 3
c Recipient sacrificed in the first week after nephrectomy, because of insufficient kidney function
serum creatinine and urea clearances were diminished lateral kidneys. The perfused kidneys were swollen and
showed pronounced vasodilation compared with thenine weeks after transplantation (6 weeks after contralat-
eral nephrectomy). In two group 4 animals that had to nonperfused kidneys. Glomeruli appeared normal. Focal
lytic lesions were observed in outermost proximal convo-be killed after contralateral nephrectomy because of ure-
mia, serum creatinine and urea concentrations were luted tubuli that were in touch with the kidney capsule. In
the majority of proximal tubuli, brush border membranesmarkedly elevated (905 6 102 mmol/L and 158.1 6 12.3
mmol/L, respectively). All kidneys that had been stored were flattened. Occasionally, debris were observed in
the widened tubular lumina. Perfused (378C P) kidneysat 378C showed excessive growth (transplants 30 to 40%
heavier than control kidneys in uninephrectomized rats), from group 2 animals showed additional intercellular
clefts between epithelial cells in tubules in the outerand the body weight gain in group 4 and group 6 animals
was retarded compared with sham-operated control ani- medullar region.
Nine weeks after transplantation and six weeks aftermals (group 7, Sh, P , 0.05).
contralateral nephrectomy, no morphological differ-
Morphological changes ences could be detected between the minimally damaged
kidneys (groups 3 and 5) and the sham-operated groupTo establish whether or not preservation and perfu-
sion caused structural damage to the transplants, kidneys (group 7), except a slightly higher incidence of round
cell infiltrate and nephron loss in groups 3 and 5 (Fig.were examined histologically. Perfused kidneys (groups
1 and 2) were compared with their nonperfused contra- 5A). In contrast, all 378C PTx and 378C Tx kidneys
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some glomeruli showed fibrin, thrombi and some arteri-
oles showed discrete hyalinosis. Iron deposits were sig-
nificantly increased in all structures of group 4 and group
6 kidneys (TIS 5 33.4 6 5.8, P , 0.05 compared with
sham). Iron was mainly located in the interstitium and
to a lesser extent in capillaries.
NADH-oxidation kinetics of preserved donor kidney
and their post-transplantation function
The post-transplantation function (serum creatinine
and urea concentrations) of perfused minimally damaged
kidneys (group 3) and compromised kidneys (378C PTx,
group 4) and their corresponding NADH oxidation pa-
rameters are presented in Table 3. As expected on the
basis of identical damage and perfusion protocols, the
NADH oxidation parameters of minimally damaged kid-
neys in Tables 2 and 3 (groups 1 and 3) were similar.
Likewise, similar NADH oxidation parameters were
found for compromised kidneys in Tables 2 and 3 (groups
2 and 4).
In Figure 6, the initial NADH oxidation rate in per-
fused preserved kidneys is plotted against the serum urea
and creatinine concentrations six weeks after contralat-
eral nephrectomy. The data points are labeled 1 through
12 in order of decreasing NADH oxidation rate (less
negative aNADH/NAD1). The numbers 1 through 6 with rela-
tively fast NADH oxidation kinetics group around nor-
mal serum creatinine and urea levels. Slower NADH
oxidation kinetics, labels 7 through 12, correlate with
elevated serum creatinine and urea levels. This dichot-
omy coincided with the damage imposed by the experi-
mental protocol (1 through 6, minimally damaged, PTx,
kidneys; 7 through 12, 378C PTx kidneys; Table 3).Fig. 4. Development of renal function in the sham operated group
(group 7) and in surviving unilaterally nephrectomized rats with trans-
planted minimally damaged kidneys 6 perfusion (PTx, group 3; Tx,
group 5), and with transplanted kidneys that had been stored for one DISCUSSION
hour at 378C 6 perfusion (378C PTx, group 4; 378C Tx, group 6). (A)
Renal function and histologySerum creatinine and (B) serum urea concentrations were determined
at nephrectomy (h) and 3 ( ) and 6 (j) weeks later. Data given are The applicability of NADH fluorimetry in the evalua-means 6 SD. *P , 0.05; Mann-Whitney U–Wilcoxon rank sum test
tion of the viability of preserved grafts prior to trans-relative to the sham operated control group.
plantation can only be assessed provided that the em-
ployed perfusion and transplantation techniques do not
lead to additional damage to the kidney transplants. On
(groups 4 and 6) that were examined nine weeks after the basis of high survival rates and functional and mor-
transplantation showed severe residual cortical change phological outcome, it can be concluded that the used
(.30%). In two animals of group 4, which had to be microsurgical transplantation technique is a safe and reli-
sacrificed after contralateral nephrectomy because of able technique for orthotopic renal transplantation in
uremia, damage to the kidneys had progressed to such the rat. The method yielded normal renal function pa-
extent that these grafts were completely resorbed. There rameters (Fig. 4) and normal histologic features (Fig. 5)
were no apparent differences between perfused (group with no evidence of ischemic damage in animals sacri-
4) and nonperfused (group 6) 378C kidneys. In severe ficed nine weeks after transplantation of a minimally
lesions, the kidney surface was indented, and many areas damaged kidney (groups 3 and 5). A 100% patency was
with tubular atrophy were seen flanked by groups of obtained with the conventional end-to-end vessel anasto-
dilated tubuli (Fig. 5 B, C). The interstitium was ex- moses. Whereas ureteral stenosis forms the most fre-
panded with a diffuse, mostly lymphocytic, infiltrate. quent surgical complication in recently developed rapid
orthotopic techniques for renal transplantation in the ratGlomeruli and vessels were relatively spared. Although
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Fig. 5. Light microscopic changes nine weeks
after transplantation. (A) Minimally damaged
PTx kidney (group 3) displaying normal renal
architecture with tubules dos-a`-dos. (B and C)
378C PTx kidney (group 4) showing an impor-
tant increase of interstitial tissue with leuko-
cytic infiltrate and irregular tubuli (atrophic and
cystic) with thickened tubular basement mem-
brane (severe residual change). (A and B) PAS
3250. (C) PAS 3500.
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7) implies that the changes observed immediately after
perfusion are completely reversible. A rapid brush bor-
der loss/regeneration cycle is known to occur after ische-
mic injury [40] or after mechanical stress in the isolated
perfusion [30, 41]. Because focal infiltration with in-
flammatory cells was found incidentally in both trans-
planted kidneys (groups 3 and 5) and in control kidneys
(group 7), this is probably a response to damaged or
regenerated tubuli [26]. The use of fully inbred rats
makes rejection very unlikely.
In histologic studies of isolated perfusion of rat kidney,
specific early (within 15-minute perfusion time) morpho-
logical changes were consistently found in the medullary
thick ascending limb of Henle’s loop (mTAL) [30, 42,
43]. These changes progress from mitochondrial swelling
to nuclear pyknosis and cell death [42], and they are
attributed to anoxic damage caused by insufficient O2
supply to this highly metabolic active part of the nephron
in the isolated perfused kidney [43]. Kidneys that were
378C perfused (group 2) showed intercellular clefts be-
tween epithelial cells in tubules in the outer medullary
region. The distribution of this epithelial change in the
inner stripe of the outer medulla suggests that in 378C
P kidneys, the mTAL also might be affected.
Whereas minimal morphological changes were ob-
served immediately after perfusion, the severity of ische-
mic injury induced by the one-hour incubation at 378C
became evident nine weeks after transplantation (Fig. 5
B, C). All 378C PTx and 378C Tx kidneys (groups 4
and 6) showed severe residual cortical damage or were
completely resorbed [3, 28]. Concentrations of iron de-
posits in group 4 and group 6 kidneys reflected that
hemorrhages were part of the etiology of the observed
lesions in these groups. In spite of severe morphological
changes, serum creatinine and serum urea concentra-
tions in surviving animals were not dramatically in-
Fig. 6. Initial NADH oxidation rate (aNADH/NAD1) of isolated perfused creased (Fig. 4 and Table 3). This can be explained bykidneys as a function of their post-transplantation (A) serum creatinine
and (B) serum urea concentrations. Data points labeled 1 through 6 are the fact that the induced compensatory kidney growth
from minimally damaged kidneys (PTx, group 3). Labels 7 through 12 enables compensation for loss of functional tissue until
correspond to kidneys that have been stored for one hour at 378C before
more than 60% of the cortex is ruined [28, 44]. Moreover,perfusion (378C PTx, group 4). Data points present mean aNADH/NAD1 6
SD of individual kidneys. The horizontal bars indicate the group average glomeruli were relatively unaffected.
(drawn line) 6 SD (shaded area) of minimally damaged, PTx, kidneys
(2473 6 71% · min21) and of compromised, 378C PTx, kidneys (2217 6 NADH fluorimetry
52% · min21). Vertical bars indicate the normal ranges of serum creati-
nine and urea concentrations obtained from the Sham group. Although the pathophysiological mechanisms by which
ischemic cellular damage leads to impairment or destruc-
tion of renal function are complex and not yet fully
understood, mitochondrial dysfunction caused by disin-
[27, 37, 38], we have never encountered problems with tegration of oxidative metabolic pathways appears to
urinary leakage or obstruction using the ureteric end- play a key role [11–15]. Irrespective of the exact perfu-
to-end anastomosis. Perfusion of the preserved kidney sion conditions (presence/absence kidney capsule, perfu-
transplant prohibited usage of techniques that employ a sion pressure), we have found that the rate of NADH
cuff of aorta for the arterial anastomosis [39]. oxidation decreases with decreasing graft quality. Upon
The fact that there were no major morphologic differ- admittance of O2 to anoxic perfused kidneys the slope,
ences between transplanted minimally damaged kidneys aNADH/NAD1, of the tangent to the initial rapid NADH
fluorescence intensity decrease was steeper for minimally(groups 3 and 5) and kidneys in control animals (group
Coremans et al: NADH fluorimetry to assess renal viability 681
damaged kidneys than for kidneys that had been stored kidneys were frequently located in the southern pole of
the kidney, suggesting that this region may be morefor one hour at 378C (Figs. 3 and 5, and Tables 2 and
3). This finding supports the view that oxidative phos- vulnerable during harvesting and preservation proce-
dures. Apparently after 60 minutes, the warm ischemicphorylative activity is affected by ischemic damage to
mitochondria [45–47] or by damage to one or more com- time damage progressed to such extent that local differ-
ences in quality reduction of the graft become less pro-plexes (in particular complex I) of the respiratory chain
[12, 14, 20, 48–52]. Decreased NADH oxidation rates nounced. It should be noted that the observed heteroge-
neity in NADH oxidation kinetics, induced by a singleduring transition from anoxia to normoxia were also
observed in isolated perfused rat liver grafts with re- O2 challenge (Tables 2 and 3, and Figs. 3 and 5), could
not have been detected with the fiber optic techniquesduced ATP synthesis ability after prolonged cold preser-
vation [6, 9]. used in other studies [9, 20, 21, 34].
An alternative explanation for the observed differ-
NADH fluorimetry and post-transplantationences in the rate of NADH oxidation could be changes
renal functionin regional renal perfusion induced by ischemia/reperfu-
sion injury, for aNADH/NAD1 depends on the perfusion pres- The fact that NADH fluorescence measurements only
provide information about the respiratory activity ofsure and consequently on the rate of perfusion. The overall
perfusate flow, however, was equal for the paired mini- proximal tubules that are located in the superficial layers
of the outer cortex forms a limitation of this technique.mally damaged and compromised groups (1$2, 3$4;
Tables 2 and 3). Moreover, perfusion of the renal cortex However, histologic examination confirms that the meta-
bolically highly active proximal tubules are especiallyis relatively unaffected after renal ischemia in the rat
[53, 54]. vulnerable to ischemic injury, and changes in tubular
reabsorption capacity directly influence renal functionThe tendency toward a larger difference in NADH
fluorescence intensity levels of the reduced and oxidized [56, 57]. Moreover, the observed correlation between
NADH oxidation kinetics of preserved perfused kidneysteady states (DFNADH/NAD1) of ischemic damaged kidneys
compared with the DFNADH/NAD1 of minimally damaged grafts and their post-transplantation serum urea and cre-
atinine concentrations (Fig. 6) indicates that surfacekidneys (Tables 2 and 3) may reflect ischemia-induced
uncoupling of oxidative phosphorylation, which leads to NADH videofluorimetry may be useful in grading ische-
mic injury in transplant kidneys. Classifying the grafta more oxidized steady state under aerobic conditions
[34, 46]. On the other hand, the smaller DFNADH/NAD1 of function according to the NADH oxidation rate (Fig. 6)
showed that relatively fast NADH oxidation kineticsminimally damaged kidneys could be an indication of
O2 diffusion dependence of mitochondrial NADH oxida- were associated with normal graft function. All grafts with
reduced post-transplantation function displayed slowtion in metabolically active isolated perfused kidney [34].
DFNADH/NAD1 is also influenced by substrate availability. NADH oxidation kinetics.
The results suggest that aNADH/NAD1 might be used to de-Superposition of these possibly counteracting phenom-
ena may explain the disparity in the literature on the fine margins for the safe use of donor kidneys in this model.
For the compromised 378C PTx kidneys (group 4), aNADH/magnitude of the NADH fluorescence change upon is-
chemic or anoxic cycles of kidney and liver grafts after NAD1 has a mean value of 2217% · min21 and a SD of
52% · min21 (Table 3). Under the assumption of a normalhypothermic storage and/or transplantation compared
with those of controls. (DFNADH/NAD1 increased [21, 34] distribution, 2321 , aNADH/NAD1 , 2113% · min21 for
97.5% of the 378C PTx kidneys (mean 6 2 SD). Likewiseand DFNADH/NAD1 decreased [9, 20]).
NADH fluorescence images of the isolated perfused 97.5% of the minimally damaged PTx kidneys have aNADH/
NAD
1 values in the interval from 2615 to 2331% · min21kidney show intensity differences in a repetitive pattern
characteristic for the tubular organization at the cortical (mean 6 2 SD, Table 3). These 97.5% confidence inter-
vals of aNADH/NAD1 for the two injury classes do not over-surface (Fig. 1B) [18], thus demonstrating morphological
and metabolic heterogeneity [16, 55]. Regional differ- lap. Hence, a critical value for aNADH/NAD1 in the middle
of the separating interval, that is, aNADH/NAD1 5 2326% ·ences in NADH oxidation kinetics reflected by the stan-
dard deviation of aNADH/NAD1 and DFNADH/NAD1 indicate min21, can be used to predict graft viability. For aNADH/
NAD
1 , 2326% · min21, more than 97.5% of the viableanother type of metabolic heterogeneity at a higher or-
ganizational level (Tables 2 and 3, and Figs. 3 and 5). kidneys would be accepted for transplantation, and the
probability of accepting a possibly nonviable graft wouldWhereas minimally damaged kidneys occasionally
showed clearly demarcated areas with slower NADH be less than 2.5% under the assumption of a normal
distribution. No misclassifications are made if this marginoxidation kinetics, a more homogeneous reduction in
NADH oxidation kinetics was observed for kidneys that is applied on the presented data set. The two grafts
(labels 9, 11 in Fig. 6) that developed moderate deteriora-had been stored for one hour at 378C. The areas with
decreased NADH oxidation rates in minimally damaged tion in renal function but would have been discarded for
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